ABSTRACT: Surfactant-associated proteins (SP-A, SP-B, and SP-C) are critical for the endogenous function of surfactant. Keratinocyte growth factor (KGF) and vascular endothelial growth factor (VEGF) are key regulators of lung development. The objective of this study was to evaluate the effects of early mechanical ventilation on the expression of these important regulatory proteins in a preterm rabbit model. Premature fetuses were delivered at 29 d of gestation and randomized to necropsy at birth, i.e. no ventilation (NV), spontaneous breathing (SB), or mechanical ventilation (MV) for 16 h. MV animals were further randomized to treatment with dexamethasone (dex). Our findings showed that SB rabbits increased their expression of SP-A mRNA and protein after birth compared with NV controls. MV significantly attenuated this response in the absence of dex. Exposure to dex elevated SP-B mRNA expression in both SB and MV rabbits. KGF protein levels were markedly increased in SB animals compared with MV counterparts. VEGF levels were similar in SB and MV animals, but were significantly increased compared with NV controls. These data suggest that MV alters surfactantassociated protein and growth factor expression, which may contribute to injury in the developing lung. 
T he surfactant-associated proteins are important for optimal surfactant function and the hydrophobic apoproteins SP-B and SP-C are known to be essential for this process (1) . SP-A is a hydrophilic apoprotein, the most abundant surfactant protein, and a member of the collectin family. Collectins are "pattern recognition molecules" that are important in host adaptive and innate immune responses (2, 3) . Reported contributions of SP-A to host defense include the ability to alter leukocyte function, bind a wide variety of microorganisms and aid in their killing, and interact directly with macrophages and lymphocytes to inhibit the production of proinflammatory cytokines (2) .
KGF is a member of the fibroblast growth factor family (also known as FGF-7) that stimulates epithelial cell proliferation in the airways and alveoli (4) . KGF is secreted in the lung mainly from fibroblasts, and its receptors have been identified on alveolar epithelial cells (5) . In adult respiratory distress syndrome animal models, the administration of KGF before injurious ventilation has been shown to protect the lung (6, 7) . In addition to its role as an epithelial cell mitogen, KGF also has been shown to increase the expression of surfactant proteins and improve alveolar fluid clearance (8, 9) .
VEGF is a potent endothelial cell mitogen that is important in the growth and regulation of lung vascular development and is expressed primarily in distal lung epithelial cells (10, 11) . Human fetal lung explants treated with VEGF increase surfactant protein expression (12) . A variety of growth factors, cell differentiation, and oxygen concentration are known to regulate VEGF expression (12, 13) . However, the role of VEGF in the pathophysiology of lung injury still remains to be established (14, 15) .
Mechanical forces are known to be important in regulating growth and differentiation in the fetal and newborn lung (16, 17) . Excessive alveolar distention, however, as often occurs in the preterm infant with MV, can contribute to ventilator-induced lung injury (VILI) (18, 19) . In vitro work has demonstrated that exposure to mechanical stretch can alter both surfactant phospholipids and protein expression (20, 21) .
In addition to mechanical stretch, it is well-known that corticosteroids can alter surfactant protein and growth factor expression in the developing lung; however, the majority of this work has been done using antenatal animal models or in vitro cell culture experiments (11, 22, 23) . Although there are some published data suggesting that corticosteroids can modify surfactant proteins in preterm infants with respiratory distress (24) , the postnatal effects of corticosteroids, either alone or in combination with MV, remain poorly understood.
Because most previous experiments examining VILI have used very high tidal volumes, there is a dearth of information describing how MV at normal tidal volumes may alter expression of surfactant and other regulatory proteins in the developing lung. Using a preterm rabbit animal model, we studied the effects of early MV versus SB, both in the presence or absence of corticosteroids, on surfactant protein and growth factor expression, measuring KGF and VEGF as key regulators of epithelial and endothelial cells. We hypothesized that the use of positive pressure MV would attenuate the normal postnatal changes in expression of these proteins seen with negative pressure SB.
METHODS
The animal protocols used were reviewed and approved by the Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. All animals were maintained in an American Association for Accreditation Laboratory Animal-accredited facility.
Experimental design. New Zealand white rabbit fetuses from time-dated pregnancies (12 litters total) were delivered after cesarean section at 29 d of gestation (term ϭ 31 d). This model has been previously shown to produce preterm rabbits with significant surfactant deficiencies that require supplemental oxygen for survival (25) . After delivery, animals were randomized to one of three groups: (1) NV (necropsy at birth), (2) SB, or (3) MV for 16 h.
Delivery and ventilation. At birth, MV animals (after sedation) underwent tracheotomy and were randomized to treatment with dex (5 mg/kg). They were then placed in individual temperature-controlled plethysmographs driven by time-cycled, pressure-limited ventilation with 50% oxygen at 30 breaths/min. Peak inspiratory pressures were regulated to maintain tidal volumes at 10 mL/kg in an effort to maintain pCO 2 values around 40 torr as demonstrated in previous studies using this model (25) . SB rabbits were placed in an incubator at 37°C flooded with 50% oxygen. Dex (0.5 mg/kg) was delivered to selected animals (both MV and SB) via intracardiac injection shortly after birth. Drug or saline was injected via a 29-gauge needle on an insulin syringe after withdrawal of free flowing blood. All study animals were necropsied at 16 h of life, at which time lung tissue was isolated and frozen in liquid nitrogen.
Northern blot analysis. Total lung RNA was isolated using Trizol reagent (GIBCO, Gaithersburg, MD). RNA was size-fractionated by electrophoresis on a 0.8% agarose/2.2 M formaldehyde gel under denaturing conditions and transferred using a PosiBlot (Stratagene, La Jolla, CA) onto a Magna nylon membrane (Microns Separations Inc., Westborough, MA). RNA was immobilized by UV cross-linking. Membranes were then hybridized with rabbit specific 32 P-labeled cDNA probes for SP-A, -B, and -C and then reprobed with 18S rRNA. Signal intensity was quantified using densitometry (Image Quant software).
Western blot analysis. Protein was isolated after homogenization in lysisbuffered saline (Tris-HCl 50 mM, pH 7.4, triethanolamine-buffered saline) containing 5 mM Na-ethylenediaminetetraacetic acid (EDTA), 5 mM Naethyleneglycol-bis-(␤-aminoethylether)-N,N,N=,N=-tetraacetic acid (EGTA), leupeptin (1 M), pepstatin A (1 M), aprotonin (1 M), and phenylmethylsulfonyl fluoride (PMSF) (1 M). Protein concentrations were determined using the BioRad DC protein assay (Hercules, CA). Total protein 50 g was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis resolution, and the separated proteins were transferred electrophoretically to polyvinylidene difluoride membranes (Millipore, Bedford, MA) and incubated with primary antibodies for SP-A, pro-SP-B and pro-SP-C (Chemicon, Temecula, CA). Because both SP-B and SP-C are secreted as proproteins, the pro-SP antibodies were chosen for analysis. Blots were incubated with secondary antibody conjugated to horseradish peroxidase and visualized using enhanced chemiluminescence. The relative intensities of the bands were quantified by densitometry.
Protein tissue enzyme-linked immunosorbent assay (ELISA). Lung tissue was homogenized and the supernatant was assayed for total protein, VEGF, and KGF content. Briefly, 100-to 200-mg samples of whole lung tissue was homogenized in ice cold lysis buffer (0.3 mL for 100 mg, 0.7 mL for 200 mg tissue) containing 150 mM NaCl, 50 mM Tris-Hcl, 25 mM ␤-glycerophosphate, 25 mM NaF, 2 mM EDTA, 2 mM EGTA, 0.5 g/mL leupeptin, 0.1 mM Na-orthovanadate and 0.1 mM PMSF. The homogenates were centrifuged at 4°C at 1000 x g for 10 min and supernatants collected. The resulting pellet was resuspended and respun, and the supernatant was combined with the initial supernatant. Total protein concentration was determined using a Lowry assay (BioRad, Hercules, CA). VEGF and KGF concentrations were determined using Quantikine (R&D Systems, Minneapolis MN, VEGF cat # DVE00, KGF cat #DKG00) Human VEGF immunoassay, which is a sandwich ELISA, and human KGF immunoassay, a solid-phase ELISA.
Data analysis. Terminal blood gases were performed on all animals, and those rabbits with a pH Ͻ7.0 or PCO 2 value Ͼ65 mm Hg were excluded. There was approximately 5% and 20% mortality, respectively, associated with SB or MV before the study endpoint of 16 h. All data are presented as means Ϯ SE. For analysis, there were six animals per study group (except for SB animals, no dex, which had eight). A t test was initially done between NV and SB animals, followed by two-way analysis of variance (ANOVA) on all groups. This was followed by pairwise multiple comparison using the Holm-Sidak method where appropriate (SigmaStat, Richmond, CA). A p value of Ͻ0.05 was considered statistically significant.
RESULTS
SB preterm rabbits had increased lung tissue expression of SP-A mRNA after 16 h of life compared with NV controls ( Fig. 1 ; p Ͻ 0.05). This response was significantly attenuated in MV animals (Fig. 1, p Ͻ 0.05) . Dex administration at birth resulted in increased SP-A mRNA in MV animals similar to those levels seen with SB ( Fig. 1; p Ͻ 0.05) . Interestingly, we did not observe a significant increase in SP-A mRNA expression in SB animals treated with dex for 16 h compared with untreated SB counterparts.
Unlike SP-A, neither SP-B nor SP-C mRNA levels significantly increased after 16 h in SB animals compared with NV controls (Figs. 2 and 3) . Additionally, MV in the absence of any other treatment did not alter mRNA expression of either of these SP genes. Dex treatment did increase SP-B mRNA in both SB and MV animals ( Fig. 2 ; p Ͻ 0.05). For SP-C, none of the study groups was statistically different versus NV controls (Fig. 3) .
SP-A protein levels were increased in SB animals compared with NV controls (Fig. 4 ; p Ͻ 0.05). Similar to mRNA expression, SP-A protein tissue levels significantly decreased after 16 h of MV compared with SB animals ( Fig. 4 ; p Ͻ 0.05). Surprisingly, dex treatment did not alter the level of SP-A protein in either the SB or MV animals. Both pro-SP-B and pro-SP-C levels were significantly higher in all study groups at 16 h compared with NV controls (p Ͻ 0.05), but were not affected by MV or dex treatment (Figs. 5 and 6 ). The results of the protein lung tissue levels of KGF and VEGF protein are shown in Figures 7 and 8 , respectively. KGF levels were elevated in SB fetuses compared with NV counterparts but not significantly. Interestingly, we observed that whole lung protein levels of KGF were significantly decreased in all MV groups (Ϯ dex) when compared with either NV controls or SB animals (p Ͻ 0.01). Significantly higher levels of VEGF protein were detected in SB and MV animals after 16 h compared with NV counterparts, but there was no difference between SB and MV animals ( Fig. 8 ; p Ͻ 0.01).
DISCUSSION
Although the ability of mechanical force to regulate gene expression in distal lung epithelium has been well established, cellular response often varies extensively between in vitro experiments (16, 17) . It remains unclear how the effects of stretch translate in vivo, particularly with MV of the immature . Pro-SP-C protein analysis comparing SB with MV animals. SB animals had a significant increase in Pro-SP-C protein compared with NV controls. By two-way ANOVA, there was no effect of either MV or dex on ProSP-C expression. *NV compared with all other groups, p Ͻ 0.05.
VENTILATION ALTERS SP-A AND KGF
lung. SPs have been previously shown to be decreased in humans with adult respiratory distress syndrome (26) . Using a preterm baboon model of bronchopulmonary dysplasia (BPD), King et al. (27) showed that decreased SP-A mRNA and protein were associated with the development of BPD. In another study of human preterm infants, Hallman et al. (28) noted low air space levels of SP-A in infants who went on to develop BPD later.
A recent paper published by Bohlin et al. (29) used a model similar to ours comparing the effects of MV with those of SB on tissue distribution of surfactant and lung function in preterm rabbits. After short-term ventilation, they found that MV decreased lung tissue association of exogenously administered surfactant and that this was associated with increased surfactant inactivation compared with SB animals. The only previous in vivo study specifically measuring the effects of MV on surfactant protein expression was done by Woods et al. (30) . Preterm sheep were mechanically ventilated for variable time periods from 45 min to 10 h. They found that both SP-A and SP-C mRNA in NV controls increased from 120 to 132 d of gestation. In those animals MV after birth for 10 h, SP-A and SP-B mRNA increased. They also studied the effect of exogenous surfactant and found no effect on SP expression.
The addition of a SB group in our study allowed us to better explore the potential isolated effects of positive pressure MV on lung protein regulation during postnatal adaptation. Similar to findings in the Woods et al. study in later gestation lambs, we found that SP-A mRNA increased with MV from birth. However, this increase in SP-A mRNA was significantly lower in MV compared with SB animals. Additionally, we found that SP-A protein levels were elevated after 16 h only in SB animals. Our findings support that MV attenuates the increased expression of both SP-A mRNA and protein that otherwise occurs in the lungs of SB preterm animals after birth. This relative deficiency of SP-A associated with MV may be important in the early process of VILI and later chronic lung disease, as has been suggested by previous investigators (27, 28) .
In our study, we did not observe any changes in SP-B or SP-C mRNA expression after 16 h of postnatal ventilation compared with NV controls. However, pro-SP-B and pro-SP-C protein levels increased severalfold after 16 h in both SB and MV animals. Given that lung mRNA was relatively high in NV controls for both of these SPs, increases in mRNAs of these proteins may have occurred transiently before our measurements at 16 h. Alternatively, a selective increase in translation may have occurred during postnatal adaptation and ventilation.
Although corticosteroids are known to play an important role in surfactant synthesis, the exact mechanism whereby they exert their effect on surfactant protein gene regulation in the immature lung has not been well defined given the complexity of their interaction (1, 31) . The use of dex in our study did result in a significant increase in SP-A mRNA with MV, stimulating levels to those found in SB animals. SP-A protein trended higher in lung tissue when MV animals were treated with dex but did not reach statistical significance. Perhaps measurement at a later time point would have demonstrated an increase in tissue protein as well. Unfortunately, anti-rabbit SP-D antibody was not available at the time of this study, as this would be an intriguing protein to evaluate due to its important role in surfactant homeostasis, host defense, and BPD.
A number of both cell and animal studies have demonstrated increased SP-B expression after corticosteroid treatment (23, 32) . In our experiments, SP-B mRNA levels were increased with the addition of postnatal dex in both SB and MV rabbits. The expression of pro-SP-B protein increased from birth in all groups but was not inhibited by MV nor increased with dex. These differential responses between SP-B mRNA and pro-SP-B protein expression are consistent with literature using human fetal lung explants (32) . These experiments suggest that SP-B gene expression is regulated primarily at the level of translation or protein stability, whereas glucocorticoids appear to act transcriptionally.
Additionally, we explored the effects of both SB and MV on KGF and VEGF expression in lung tissue. Compared with NV controls and SB animals, KGF levels were significantly decreased for all MV groups and were not altered by treatment 
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with dex. As previously discussed, KGF is protective of lung injury in multiple animal models, and in several studies, levels of KGF measured in lung fluid have been predictive of outcome (33, 34) . Danan et al. (34) found that high tracheal aspirate levels of KGF taken from premature infants within the first 5 d of life were predictive of the absence of later development of BPD. Given the potential protective effect of KGF, it follows that the lack of KGF in the air space may predispose premature infants to lung injury.
KGF in a number of in vitro studies using lung epithelial cells has demonstrated the ability to augment the expression of surfactant, including the surfactant-associated proteins (8, 35) . Of interest is the finding from our study that both lung KGF and SP-A were decreased with MV, and it is possible that these low levels of KGF contributed to attenuated SP-A expression. This association has not been previously described in vivo either in the developing or mature lung.
Corticosteroid use in vitro has been shown to enhance the expression of KGF in the lung (36) . A recent study using cultured fetal rat type II cells treated with both KGF and dex noted a synergistic increase of both SP-A and SP-B mRNA (37) . SP-A protein was additionally increased threefold in cells treated with both. The effect of dex on KGF release in vivo into the lung tissue or air space has not been previously reported. In our study, the addition of dex did not result in increased KGF protein in the lung tissue of either SB or MV animals after 16 h, but with a longer duration of exposure, protein expression might have been altered.
We did not find differences in lung VEGF levels between SB and MV animals in our study. VEGF is known to be expressed in the distal airway epithelium of the fetal and postnatal lung (10, 11) . Previous work using type II cells isolated from newborn rabbits 1 d to 5 wk of age noted the presence of VEGF mRNA in these animals (38) . The multiplefold increase in VEGF observed in our study after 16 h in both SB and MV animals shows that the preterm lung can rapidly increase VEGF expression and/or release after birth.
Previous in vitro work has shown that VEGF expression is inhibited in the presence of corticosteroids, whereas others have shown an increase in fetal human lung explants (10,39). Bhatt et al. (10) reported that 6-d-old term newborn mice had increased lung VEGF mRNA and/or protein after 3 d of dex treatment. In our preterm model, we did not see any change in lung tissue VEGF protein with dex. This may be reflective of the short treatment interval or perhaps a differential response between preterm and term animals to corticosteroids.
The main limitation to our study was the restriction to a single time point at 16 h, which was the upper limit for a high survival rate of MV rabbits. Therefore, changes in SPs, KGF, and VEGF may have been minimized. Additionally, given that NV rabbits were delivered prematurely, it is possible that any changes observed in control versus study animals, at least in part, may have occurred secondary to maturation and not postnatal ventilation. A major strength of our model was the ability to randomize and compare the postnatal adaptation of mechanically and spontaneously ventilated groups within individual preterm litters to minimize several potential covariates. Despite relatively low ventilatory requirements with mild respiratory distress that normally would not be associated with significant degrees of lung injury, we were able to identify some key adaptive changes in surfactant proteins and growth factors during the early postnatal course that were inhibited by positive pressure mechanical ventilation.
Concerning the use of postnatal corticosteroids, it is important to note that their use for the prevention or treatment of BPD in premature infants is not presently recommended (40) . The results from our study therefore should not be interpreted as justification for their clinical use, but perhaps will add to a better understanding of the mechanism(s) of their positive treatment effects to rationally develop more targeted therapies that might have fewer adverse effects.
In summary, our study has shown that the use of early MV as compared with SB in preterm rabbits decreases the expression of both SP-A and KGF. Although the use of corticosteroids selectively increased SP levels during postnatal ventilation, they did not affect the expression of either KGF or VEGF. VEGF protein levels were up-regulated shortly after birth, but were not altered by the style of ventilation. Further work needs to be done to explore the effects of MV and its interactions with SPs, corticosteroids, growth factors, and other cytokine mediators in the postnatal developing lung.
